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ABSTRACT
The relationship between human erythrocyte glucose transporter (GLUT1) oligomeric
strctUe and function was studied. GLUTI was purfied from human erythocytes in the
absence (GLUTI-DTT) or the presence (GLUT I +DTT) of dithiothreitol. Chemical cross-
linking studies of lipid bilayer-resident purfied GLUTI and hydrodynamic studies of
cholate-solubilzed GLUTI support the view that GLUTI-DTT is a homotetramer and
GLUT 1 +DTT is a homodimer. Parallel studies on human erythrocyte, and studies
employing conformation-specific antibodies (anti-GLU:T1-DTT antibodies, a-IgGs),
indicate that erythrocyte-resident GLUTI resembles GLUTI-DTT (a homotetramer).
While the D-glucose binding capacities of GLUTI-DTT and GLUT1+DTT are
indistinguishable, GLUTI-DTT presents at least two population of binding sites to D-
glucose whereas GLUT 1 +DTT presents only one population of sugar binding sites. The
cytochalasin B (CCB) binding capacity of GLUTI-DTT (0.4 sites/monomer) is one half of
that of GLUT 1 +DTT. GLUTI-DTT and GLUT +DTT contain 2 and 6 free sulfhydrls
per monomer respectively. The subunits (monomers) of tetrameric and dimeric GLUTI
are not linked by disulfide bridges. Erythrocyte resident GLUTI presents at least two
binding sites to D-glucose and binds CCB with a molar stoichiometr of 0.55 sites per
GLUTI monomer. Following treatment with high pH plus dithiothreitol, the sugar
binding capacity of erythrocyte membrane resident transporter is unaltered but the
transporter now presents only one population of binding sites to D-glucose, binds CCB
with molar stoichiometry of 1.3 sites per GLUTI monomer and displays significantly
reduced affmity for a- IgGs. These findings demonstrate that erythrocyte resident glucose
transporter is GLUTI-DTT (a GLUTI tetramer) and that GLUTI oligomeric strcture
determnes GLUTI functional properties. A model which rationalizes these findings is
proposed.
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CHAPTER I
INTRODUCTION
Extrcellular glucose is a primar source of metabolic energy for mamalian cells. It is
essential therefore that cells ar able to rapidly assimlate extrcellular glucose. Glucose is
strongly hydrophilc therefore the plasma membrane serves as an effective barer to
movements of sugars. Most cells circumvent this problem by utilizing specific transport
proteins to mediate sugar uptake. The passive translocation of glucose across the cell
membrane is medated by a famly of integral membrane glycoproteins called faciltative
glucose transporters. These transporters (or carers) accelerate the translocation of hexose
or pentose monosacchardes (adapting the chai or the pyrose ring confguration) down a
concentration gradient into or out of the cell. Concentrative sugar transport, which is
tyical of epithelial cells, is medated by a diferent famly of transport proteins which will
not be considered in this thesis. Faciltated, passive sugar transport displays saturation
kinetics, is stereoselective, and is inhibited by relatively low concentrations of inhibitors
such as cytochalasin B (CCB) and forskolin which bind to the transporter with high
afnity.
Superfamily
Five discrete isoforms of glucose transporter have been identified by protein purification
and recombinant DNA techniques. The tissue localization of these isotyes have provided
valuable insight into the possible roles that each of these transporters play in glucose
metabolism. These five isotypes are: GLUTl, the erythocyte/ HepG2 type trnsporter
which is found in almost all tissues including brain and fibroblast (Mueckler et. al. 1985),
GLUTI, the liver typ transporter is found in liver and - cells of the pancreas (Thorens et.
aI. 1988), GLUT3, is found in brain and placenta (Kayano et.al. 1988), GLUT4, the so-
caled insulin-regulated transporter expressed in muscle and adipocytes (James et. al. 1989,
Kaisten et. al. 1989, Birbaum 1989, Charon et. al. 1989) and GLUT5 which is found
largely in the jejunum (Kayano et. al. 1990).
The most extensively studied subtype is the erythryte/ HepG2 type transporter, GLUT1.
This is largely due to: 1. The ease with which a large number of isolated erythrocytes can
be collected for transport studies. 2. The abundance of GLUTI in human red cell
membranes (5% of total membrane proteins). 3. The ease of purification of erythroid
GLUTI for biochemical studies.
StrctUre
The availabilty of the deduced primar strcture of the five glucose transporter isotypes
permits some degree of structural analysis. Hydrophathy analyses predict twelve
hydrophobic, membrane spanning regions which are highly conserved among the
superfamly (70 to 90% sequence homology). The overall sequence homolgy between
isotyes is 68 
The proposed topogrphical model of GLUTI (Figure 1) has surived all immunological,
molecular biological and biochemical challenges to date. Antibody binding studies have
demonstrated that the N-terminus, COOH-terminus and the large loop located between
hydrophobic membrane regions 6 and 7 (Davies et. aI. 1987 and Haspel et. al. 1988) are
located at the cytosolic side of the membrane. These findings have been confIrmed by
proteolysis studies (Cairns et. al. 1984). The carer has also been shown to be
heterogenously glycosylated at asn-45 (Mueckler unpublished fmdings).
Fourier transform infrared (FTIR) spectroscopy (Alvarez et. al. 1987) has been used to
investigate the secondary structure of GLUT1. The findings of these studies are
F i g u r e  1 .  T o p o g r a p h i c a l  m a p  o f  
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consistent with the predominantly a-helical content assumed in the computer model.
Smaler amounts of ~-strcture and random coils are also observable. In addition,
- deuterium exchange studies revealed that more than 80% of the polypptide chain is readly
accessible to solvent (Alvarez et. al. 1987). This suggests that a significant proportion of
intramembranous protein is accessible to bulk solvent and is not inconsistent with the
notion of a water filled pore or channel for sugar trslocation.
The glucose transporter can be affinity labelled by several specific reagents. The fungal
metabolite, cytochalasin B (CCB), is covalently incorporated into the transporter upon
ultraviolet iradation of the GLUTI-CCB complex. This labeling is glucose-inhibitable
and occurs with low efficiency levels (1-5%) (Carter-Su et. al. 1982, Shanahan 1982).
Forskolin (Shanahan et. aI., 1987) and varous sugar derivatives (Holman et. al., 1988)
have also been employed to effectively label the transporter. Affinity labeling of the
transporter with these reagents has been used extensively for quantitation of transporters,
strctu-function studies and as assays for transport integrty.
Quaternary structure
The quaternar strcture of the glucose transporter has been investigated by a varety of
strtegies. Although millgram quantities of the purified transporter have been available
since the 1970' s, the oligomeric strcture of the transporter remains unknown. This is
largely due to the dificulties caused by the strongly hydrophobic natue of the protein.
Radation-inactivation can be used to study quaternar strcture. These studies require
only a means of assaying for protein activity (identification and purification are not
necessar) and the studies tae place with the protein in its native membrane bilayer. For
the following experiments, CCB binding capacity or uptake of radiolabelled sugars were
monitored. Conflcting results have been reported. The size of the glucose transport
system of intact and peripheral protein-depleted human erythrocytes is 220 :t 31 kDa
(Cuppoletti et. al. 1980, Jung et. al. 1980) or 124- kDa (Jaris et. al. 1986). Assuming a
55-kDa monomer, these results suggest either a tetrameric or dimeric self-assembly of
transporters or associations with other proteins of appropriate sizes. In addition, studies
With rat adipocytes suggest that plasma membrae carer is monomeric while intracellular
pools of the carer are dimeric or associated with an additional protein of an equivalent size
(Jacobs et. al. 1987).
Freeze-fracture electron microscopy of purfied glucose transporter reconstituted into
proteoliposomes demonstrate that the average integral membrane parcle size is 62A in
diameter (Hnkle et. al. 1979). The authors conclude that this paricle size is consistent
with a protein of approximately 110- kDa or a dimeric glucose transporter. However, in
the absence of defined parcle shape or parial specific volumes, this interpretation is
qualtative at best.
Hydrodynamic studies have been performed to determine the molecular weight of the
transporter system in varous denaturing and non-denaturng detergents. Rampal et. al.
(1986) show that octylglucoside-solubilzed carer equilbrated with 0. 1 % SDS is resolved
(by gel-fitration) as a 43- kDa species or as a monomeric carer. Zocoli et. al. (1978)
determed (by a combination of gel-fitrtion and sucrose grdient ultracentrugation) that
the trton-solubilzed and dithotheitol (DTT, a powerful reducing reagent)-treated human
erythrocyte glucose transporter has a molecular mass of 225- kDa. They concluded that
the trsporter is either monomeric or dimeric. Masher and Lundahl (1987) observed that
the glucose transporter from octylglucoside-solubilzed human red cell membranes
strpped of peripheral proteins and treated with DTT is resolved by gel-fitration as a 125-
kDa micelle or a dimeric transporter. The extrapolation of these findings to the
physiological glucose transport system is hindered by the addition of denaturing detergent
(SDS) and the addition of the reducing agent, DTT.
White and Weber (1990) have reported that when fibroblasts are transformed by the 
src
ncogene, there is a 2-5 fold increase in glucose transport and in the level of
imunoprecipitated glucose transporter protein. In chicken embryo fibroblasts (CEFs)
the increase in transport rate is correlated with a reduction in carer turover (degrdation).
However, in human fibroblasts no change in turnover rate was observed. When human
. GLUT 1 is expressed in CEFs it maintains a turover rate equivalent to the endogenous
carer. The authors speculate that ths results frm an heterologous association of human
GLUTI with CEF transporter. The CEF transporter is proposed to contain the necessar
sequence(s) and to act in a "piggyback mechanism" to cause the heterologous transporter
to behave as endogenous carer. The possibilty of other endogenous proteins associating
:with the carer are not rued out.
There is additional evidence for the association of the transporter with both hexokinase and
glyceraldehyde- phoshate dehydrogenase (GAPDH). Rist et. al. (1990) found that
glucose trnsport and hexokinase activities are so tightly coupled that 80% of 2-deoxy-
glucose entering the cell is phosphorylated to 2-deoxy- glucose 6-phosphate before
enterig the cytosol. Jung s group (Lachaal et. al. 1990) have found GAPDH reversibly
binds with high afmity in an A TP-dependent manner to purfied GLUT!. This bindig is
shown to involve the large middle cytoplasmic loop of GLUT 1.
There is evidence for the existence of monomeric, dimeric and tetreric glucose carers,
and the existence of the transporter in heterocomplexes. A definitive analysis of the
glucose trsporter s quaternar strcture is stil lacking and this significantly restrcts our
undertadig of the physical basis of glucose transport.
The goal of a faciltative glucose transporter is to rapidly equilbrate intracellular and
xtracellular water with glucose. Two theoretical models for glucose transport have been
. proposed and distubingly both are supported by the literatue.
One-site carrier
Widdas (1952) proposed a one-site or alternating-conformer model (Figure 2). In this
model, the transporter contains mutually exclusive, saturable glucose influx and efflux
sites. At any moment, the carer is capable of binding sugar at the effux or influx site but
not at both sites simultaneously. Once a sugar molecule is bound at a site, it is then
translocated across the membrane to the opposite side. The ligand dissociates from the
carer. At this stage, the carer can then isomerize in two directions; the actual diection
being dependent upon the concentration of ligand at this side of the membrane. High
concentrations of sugar wil favor occupation of the newly exposed site with a sugar
molecule causing a futile recycling back to the other side of the membrane (resulting in no
net flux). If a lower concentration of sugar is present (a down hil concentrtion gradient
exists), the unoccupied carer wil isomerize and restore the unoccupied sugar binding site
at the original face of the membrane. This wil result in a net flux of sugar. If this one-
site mechanism is correct, isomerizations of unoccupied carer in human erythrocytes
occur at rates some 150 times slower than isomerizations of occupied carer (Lwe and
Wamsley 1986, Appleman and Lienhard 1989, Carthers 1991).
Two-site transport
Widdas (1973) proposed a two-site or fixed-site model for glucose transport. The
fundamenta difference between the two- and one-site model is that the two-site transporter
is capable of bindig sugar molecules at effux and influx sites simultaeously. Therefore,
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g l u c o s e  t r a n s l o c a t i o n  b y
G L U T l .  O n e - s i t e  c a r r i e r .
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emodel predcts the existence of a ternar complex (Figue 2) consisting of transporter,
xttacellular sugar and intracellular sugar. The binding of sugar at one site and the
su1ting isomerization of that site causes the antiparallel isomerization of the other site
The two binding sites communicate with one another and may
Most studies that report data supporting either model cannot be used to unequivocaly reject
either model. This is simply a result of ambiguous experimental design. It is possible,
wever, to design experimental- strategies that can distinguish one- and two-site carer
:o\:
mechanisms and a number of such studies have been reported. The two-site model has
been rejecte in favor of a one-site model solely on the basis of ligand binding studies with
pured GLUTI (Sogin and Hinkle 1980, Gorga and Lienhard 1982, Appleman and
Lienhard 1989). The one-site model has been rejected unequivocally in favor of a two-
site model by: sugar transport studies on intact red cells and red cell ghosts (Carthers
1991 , Carthers and Helgerson 1991), and ligand binding studies on intact red cells, red
cell ghosts, alali-extracted red cell membranes and purfied GLUTI (Carthers 1986a,
Carthers 1986b, Helgerson and Carthers 1987). The obvious contradiction that
emerges from the studies is that ligand binding studies on purfied GLUTI support two
models that are mutually incompatible. On closer examination , this discrepency may be
explained by the absence or presence of reductant durig the purification process. Studies
consistent with the one-site model included reductant (DTT or ~-mercaptoethanol) in the
purfication procedure whereas those studies consistent with the two-site model omitted
reuctat durng GLUTI purication.
Strategy
It is commonly accepted that protein structure determnes protein function. GLUT 1
function has been demonstrated to be altered by reductant. The effect of reductant on
. LUTI strctUe is unkown. Oligomeric associations are commonly generated 
thugh
(JsUlde bond formations which are highly susceptible to cleavage by reductants. 
In its
hysiological state, GLUTI exists in a biphasic redox environment.
The cytosolic face
- of-the carer is exposed to a reducing environment, and the extracellular face is in an
c'"
.k,;
. oxidative environment. This redox polarty cannot be maintained durng 
purification.
Our strategy, therefore was to purify GLUTI in the presence and absence of reductant
2;'cS (DTI). We asked thee simple questions: 1. What is the oligomeric strcture of GLUT 1 ?
:':
2. Is GLUTI oligomeric strcture affected by reductant? 3. Does altered oligomeric
-- -
strctu explai the reported dierences in GLUTI function?
CHAPTER .
MATERIALS AND METHODS
Outdated, whole human bloo was obtaned from the University of Massachusetts Medcal
Center Blood Ban. Radiolabelled reagents were obtained frm New England Nuclear.
dithiobisphenylazide (DTPA) was purchased from Molecular Probes. Antipeptide
antibodes raised against the COOH termnus of human erythocyte glucose transporter
were obtained from East Acres Biological. Peroxidase substrate kits from Bio-Rad
Laboratories were used. The remaining reagents were obtained from Sigma Chemical
Company.
Purifcation of Glucose Transporter
The glucose transporter was purified from outdated human bloo (Baldwin et. aL 1982
Cais et. al. 1984). All of the following operations were performed at 4 C. Red blood
cells are obtained by washing one unit of bloo three times with ice-cold 150 mM KCI, 0.
mM EDTA adjusted to pH 7.4 using Tris base. The red cells are pelleted by centrfugation
at 27,000 x g for 20 minutes and the buffy coat (white cells) and serum removed by
aspiration. Erythocyte membranes (ghosts) are prepared from washed red bloo cells by
the method of Steck & Kant (1974). Red bloo cells are lysed in 40 volumes of ice-cold
lysis medium contaning 10 mM Tris-HCI, 4 mM EDTA adjusted to pH 8.0 with Tris base.
The membranes are pelleted by centrfugation at 27,00 x g for 20 minutes. The pellet is
resuspended in lysis medum and pelleted again. This process is repeated approximately
seven times to remove all the cytosolic hemoglobin or until the membranes appear white.
Protein concentration of the membranes is determined by the Pierce BCA assay using
albumi as the standard. The protein content of the membrane pellet is adjusted to 4 mg/mL
th50 ro Tris-HCI adjusted to pH 7.4 with Tris base. Peripheral membrane proteins are
. .
pped frm the membranes by alaline extraction. Five volumes of 2 mM EDT A, 15.
NaOH, pH 12.0 are added to the 4 mg/mL membrane fraction and the suspension is
. incubated for 10 minutes without agitation. The membranes lacking peripheral proteins
strpped ghosts) are pelleted at 27,000 x g for 20 minutes. The pH of the membrane
fiaction is restored by washing three times with 50 mM Tris-HCI pH 7.4. The protein
" .
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membrane fraction is adjusted to 2 mg/mL with 50 mM Tris-HCI pH
VA. Integr membrane proteins ar released from the strpped membraes by solubilzation
in 46 mM octylglucoside while rotating for 30 minutes. The detergent solubilzed
membrae fraction is ultracentrfuged at 100,00 x g for 60 minutes in a Beckman Ti 50.
rotor and the resulting pellet is discarded. The supernatant is adjusted to 25 mM NaCl. 
sample (60m) of supernatant is applied to a column (2.5 cm x 8.0 cm) of DEAE-cellulose
: (Watman DE-52) equilbrated with 34 mM octylglucoside, 25 mM NaCI, 50 mM Tris-HCI
adjusted to pH 7.4 with Tris base. The flow rate was adjusted such that the superatant is in
contact with the column for 45 minutes. The immediate flow through is collected and
subsequently up to one and a half volumes (90 mL) of the added supernatant volume. The
transporter is largely hydrophobic and contains very few charged residues at pH 7.4, thus is
not retaded by the anion exchange column. Other integral membrane proteins liberated
from the membrae by octylglucoside solubilzation (anon transporter) are more extensively
charged and therefore bind to the column. The flow-through material containing GLUTI
and red cell lipid is dialyzed two times against 6 liters of 50 mM Tris-HCI, 2 mM EDTA
pH 7.4 to remove more than 99% of the detergent. This results in a glucose transporter
prepartion in which the protein is inserted into its native lipid bilayer. The prepartion is
characterized by SDS-PAGE (Lamell, 1970) and protein assay. Routinely 20 mg of 95%
pured glucose trsporter, as assayed by SDS- AGE, is obtained from one unit of bloo.
The main contanants observed are the nucleoside transporter (.:2%) and band 7, an Rh
antigen thought to be involved in erythrocyte membrane integrty (Cherif-Zahar et. al. 1990).
JoIUTI +DTT is prepared by adding 10 mM DTT durng the alkaline treatment of ghosts
1hoal other steps that follow.
ELISA (enzyme-linked immunosorbent assay) were performed as descrbed by Sogin and
Hie (1980) using rabbit antisera raised agaist either a synthetic carboxyl termal peptide
rat brai glucose transport protein (C-IgG) or against holo-transport protein purfied in
the absence of DTT (a-IgG). The latter antisera has been characterized and found to react
with an epitope presented on the exofacial porton of the protein (Harson et. al. 1990)
whereas the COOH terminus of the protein is located on the cytosolic portion of the
transporter. The protein is adsorbed to a 96 well microtiter plate in 60 mM NaC03, pH 9.
for 1-16 hours at 37 C. The wells are each washed thee times with phosphate buffer (20
mM sodum phosphate, 145 mM NaCl, 0.05% Tween-20, pH 7.5) and then incubated with a
500-fold dilution of the respective antisera in phosphate buffer for 90 minutes at 37
The reporter molecule employed to detect rabbit IgG binding to carer was goat anti-rabbit
IgG-peroxidase conjugate (Sigma, 1O,00-fold diution). Bio-Rad peroxidase substrte kits
were employed. Substrate development was arested after the necessar time using 
oxalc acid and product determned by detecting absorbance at 410 nm using a Dynatech
. MR-700 plate reader. Nonspecifc IgG binding was determned by processing wells lacking
glucose trsport protein.
A modfied ELISA was also employed omitting the detergent (Tween-20) to avoid potential
denatuation of carer. Bovine serum albumin (1 % BSA) was used in place of Tween-20 to
reduce nonspecific adsorption of IgGs to wells. In addition, after adsorption of the
transporter to the microtiter plate 200 JlL of 1 % BSA in carbonate buffer is applied to the
wells and incubated for 1 hour at 37 C. The plate is then processed as describe above.
In addition, competition ELISA measurements of rabbit antisera (C-IgG and a-IgG) were
performed using purified glucose carer, red cells, red cell ghosts and aline treated human
ghosts. Each individual ELISA plate well was coated with 50 ng of purfied transporter.
The antibodes were diluted in phosphate buffer and incubated for 1 hr at room temperatue
with varing amounts of purified carer or red cell membranes. 200 L of this solution
was then applied to the wells in duplicate. The plate was then processed as above, begining
with the secondar antibody step.
Nondnaturing Chromatography
Size-exclusion chromatography (SEC) was performed using a Toso Haas TSK-Gel G400
column pre-equilbrated with 150 mM NaCI, 5 mM Mops, pH 7.2 containing 20 mM cholic
acid :!10 mM DTT using a Waters HPLC system and developed at a flow rate of 0.3
mL/min.
The column was calibrated using Pharmacia low and high molecular weight protein gel
fItration calibration kits. Samples were solubilzed in elution buffer containing 50 mM
cholic acid:!l0 mM DTT for 1 hr at room temperatue. The 200,00 x g (1 hr) supernatant
containing cholate-solubilze proteins was added to the column and fractions were collected
at 1 miute intervals. Fractions were assayed by ELISA.
Lectin chromatography of cholate-solubilzed GLUTI was performed using a wheat germ
lectin-Sepharose 4B column (7 cm xl cm) equilbrated with 25 mM NaCI, 5 mM Tris-HCI
10 mM cholic acid, pH 7.4. The 45,00 x g supernatant of cholate solubilzed GLUTI was
applied to the column and samples of eluate collected at a flow rate of 20 mL/h. GLUT 
was eluted from the column using 500 mM N-acetylglucosamine and was detected by
ELISA.
Sedimentation Velocity Stues
GLUT 1 was solubilzed in 20 mM cholic acid, centruged at 200,00 x g for 1 hr at 4
The supernatant was layered on a 5 mL 5-20% sucrose gradient in 150 mM NaCI, 5 mM
Mops, pH 7.2 contaning 20 mM cholic acid. The H20 gradients were ultracentrfuged for
18 hr at 4 C and 40,00 rpm and the D20 gradients were ultracentrfuged for 25 hr and
40,000 rpm using a Beckman ultracentrfuge and a SW 50. 1 rotor. Gradients were
fractionated into 200 J.L fractions using an ISCO model 185 density gradient fractionator.
GLUTI was detected by ELISA.
Chemical crosslinking of GLUT 
GLUTI (5 J.g GLUT1 , 26 J.g phospholipid) was resuspended in 1 mL of 50 mM Tris-HCI
2 mM EDTA, pH 9.0 and made 0 to 13.33 mM in glutaraldehyde. This latter
concentration of glutaraldehyde gave maximal crosslinking efficiency while avoiding
aggregation of GLUTI proteoliposomes as judged by phase contrast microscopy. The
mixture was incubated at 20 C for 30 min then quenched by addition of 68 mM L-glycine.
Samples were subjected to reducing or to non-reducing SDS gradient (3- 13%) PAGE.
Washed, intact red cells were suspended in 5 mL isotonic saline at a final hematoct of 4%.
The cell suspension was made 0 or 1 mM in 4,4' -dithiobisphenylazide (DTPA) and
incubated for 20 min on ice. Cells were iradiated at 300 nm for 1 min using a Rayonett
Photoreactor, lysed and the membranes harvested by centrfugation. Erythrocyte
aggregation was not induced by this treatment. Samples were resolved by reducing and
non-reducing SDS-PAGE. Immunoblot analysis using anti-GLUT 1 C-termnal antibody
and 125I-protein A were utilze. Autoradiograms were scanned by densitometr.
Reconstituted proteoliposomes
Detergent extracts of red blood cell ghosts membranes and of purified GLUTI were
reconstituted into egg phosphatidylcholine (EPC) by the method of cholate dialysis
(Carthers and Melchior, 1984). EPC (30 mg in hexane) was dred under Nz. The EPC
lipid fim was placed in vacuo for 3 hours to remove remaining solvent. The lipid was
dissolved in 2 mL of 50 mM Tris-HCI, pH 7.4 containing 32 mg of cholic acid (the
minimum amount found necessar to solubilze this amount of EPC). The detergent-lipid
solution was centrfuged at 34,00 x g for 30 miutes and the supernatant placed on ice.
GLUTI (10 - 100 ug) or red cell membranes (500 - 5000Ilg) were dissolved in 50 mM
Tris-HCI, 50 mM cholic acid, pH 7.4, :!TT by rotation at 4 C for 30 minutes. This results
in a cholate : lipid molar ratio of approximately two. The sample was centrfuged at 34
x g for 30 min and the supernatant containing completely solubilzed proteins was combined
with the solubilzed EPC and mixed by rotation at 4 C for 30 min. The lipid-protein
mixture was dialyzed against two changes of 6 L of 50 mM Tris-HCI, pH 7.4 at 4 C for 24
hr to remove detergent. The dialyzed solution was frozen rapidly in dr ice/acetone then
allowed to thaw at room temperatue. This resulted in large proteoliposomes of 1 - 3 11m 
diameter as judged by phase contrast microscopy. These proteoliposomes were sedimented
by centrfugation at 14,00 x g for 5 min. Proteoliposomes remaining in suspension were
discarded. GLUTI concentration was quantitated by ELISA. The vesicles contain a
scrambled orientation (40% right side out, 60% wrong side out) of GLUT 1 as judged by C-
IgG and a-IgG binding to intact and solubilzed proteoliposomes (by competition ELISA).
Sugar uptake measurements of proteoliposomes
Proteoliposomes containing GLUTI-DTT, GLUT1+DTT or erythrocyte membrane proteins
were charcterized for sugar translocation competency. Liposomes were incubated with 0.
mM (14C)- 0-methylglucose at 23 C. Uptake was stopped at the appropriate time with
ice-cold phloreti and CCB containing solutions. The liposomes were collected and washed
by centrfugation. The pelleted liposomes were washed again, resuspended in 1 00 L of
1% SDS and analyzed by liquid scintilation spectrscopy.
Photo labellng GLUTl with (3Hj-cytochalasin B
Red cell ghosts and purfied GLUTI were preincubated in Tris medum containing 
(3H)-
cytochalasi B (3. M, 50 Ci) plus 10 M cytochalasin D :t D- or L-glucose (200 mM)
for 20 minutes at 4 C. The suspension was iradiated at 300 nm for 0.5 to 5 min in a
Rayonett Photoreactor. The photo labelled protein was then washed by resuspension and
centrfugation (34 000 x g for 20 min). The cells or membranes were resuspended in 10 to
100 volumes of Tris medum and washed two more times.
(3 Hj-
cytochalasin B binding assay
Equilbrium (3H)-cytochalasin B binding to RBCs, ghosts, alal-treated ghosts and purfied
carer were assayed. 50 L of the carer samples were mixed with 50 L of (3H)-
cytochalasin B solutions (5 - 500 nM cytochalasin B) in 1.5 mL-microcentrfuge tubes and
incubated for 1 hr at room temperature. Total cpms are determned by sampling 2 x 5 
of the mixture. The tubes are then centrfuged at 4 C for 15 min in an Eppendorf bench
centrfuge. Free (3H)-cytochalasin B is determned by sampling 2 x 10 L of supernatant
by liquid scintillation spetroscopy. Bound CCB is determed as (Total - Free). Milipore
ultrafree-MC 10,000 molecular weight cut-off fiter units were employed for purified
GLUTI due to diffculties in sedentation caused by small vesicular size.
Quantitation of free thiols
Ellm' s reagent (5, dithiobis (2-nitrobenzoic acid), DTNB) was employed to determine
fre sulfhydrl content (Rao and Scarborough 1980). GLUTI-DTT or GLUT 1 +DTT (each
at approximately 100 mL- l in 1 mL and dialyzed to remove traces of DTT) were
denatured in 0.5% SDS in 50 mM Tris-HCI, 3 mM EDTA, pH 8.0 for 30 min. The
solubilzed protein was collected by centrfugation and quantitated. The reaction was
intiated by addition of 100 Jl freshly prepard 10 mM DTN. A reference tube lacking
protein was employed. The course of the reaction at room temperatue was recorded as the
increase in absorbance at 412 nm. An extinction coefficient of 13,600 M- l cm l at 412 nm
for 2-nitro- thiobenzoic acid (N) was used to quantitate the reaction.
Tryptophan fluoresence measurements
Fluorescence was measured with a Farand Fluorometer MK 2 at 23 An excitation
wavelength 295 nm and an emission wavelength of 334 nm were employed. Slit widths of
5 to 5.0 nm were employed to minimize photolysis of protein. 25 J.g of purfied carer or
200 J.g of strpped ghosts suspended in 100 J.L Tris medium were added to 2 mL of Tris
medum. Sugars were injected into the cuvette from above while the contents of the cuvette
were contiually stied with a Spectrocell Inc. cuvette stier. Steady-state emission levels
were reached within 20s following addition of ligand. The dilution effect was corrected for
by titrtion against L-glucose or cytochalasin D. Inherent systemic errors were addressed as
described previously (Carthers 1986).
Cha pter III
HYDRODYNAMICS AND CHARACTERIZATION
OF SOLUBILIZED GLUTl
The determnation of the native size of a membrane protein complex is complicated by the
association of the protein with the phospholipid bilayer. Membrane proteins are
commonly solubilzed by detergents capable of disrupting the phospholipid matrx. This
results in the formation of a protein-detergent-lipid complex or micelle. The molecular
mass of the micelle can be characterized by hydrodynamic analysis (e.g. size-exclusion
chromatography and ultracentrifugation). The composition of the micelle can be
determined by protein and phospholipid analyses and by employing radiolabelled
detergents.
The ideal detergent for these hydrodynamic studies must possess several important
characteristics: 1. It must preserve the native state of solubilzed protein. 2. The detergent
micelle should be sufficiently small to permt facile separation from the protein-detergent
complex. 3. Radolabelled derivatives of the detergent should be available. 4. The cost of
the detergent should be relatively low since large amounts wil be needed to equilbrate and
ru columns and gradents. 5. The detergent should not contain strctues (e.g. aromatic
rings) that interfere with absorbance measurements.- 6. The detergent should be easily
removed by dialysis. The detergent which best satisfies these requirements for analysis of
GLUTI is cholate. The conservation of the native state in the cholate solubilzed GLUTI
micelle cannot be determned unequivocally. However, cholate is the detergent commonly
used in reconstitution studies of GLUT1. Therefore, the function of the protein is
consered, at least after removal of cholat and reinserion into a lipid bilayer.
Prnciples
The molecular mass of a complex can be determned unambiguously, regardless of
tpolecular shape, by using the Svedberg equation:
M - sRT
- D(1-vp) (3.
M is the molecular weight of the complex, s is its sedimentation coefficient in a solution of
density p. v , D are the paral specific volume and difusion coeffcient respectvely of the
complex.
In brief, this is accomplished by determning the sedimentation coefficient and parial
specific volume of the complex by sucrose gradent ultracentrfugation and by determning
the diffusion coefficient of the complex by SEC-HPLC on equivalent GLUTI samples
under simlar conditions.
Partial specifc volume
The paral specific volume of a species can be determned by applying cholate solubilzed
GLUTI samples to separte D20 and H20 sucrose gradients along with several marker
proteins with known s20,w and v, separately. The basis of this method (Edelstein and
Schachman 1967, Meunier et. al1972) is that the sedentation coeffcient of the complex
is altered by increasing the density of the solution though the use of D20. This provides
an explicit formulation of parial specific volume with one important assumption - the
protein moiety binds the same amount of detergent in H20 and D20.
Marker proteins, with values of s20,w and v used in these calculations include ribonuclease
, 1.78S, 0. 703 3Jg (Richards and Wycoff 1971); carbonic anh drase, 75S, 0.731
3Jg (Arstrong et. al. 1966); lactate deh dro enase, 6.95S, 0.730 3Jg (Schwert and
Winer 1963); 
ceraldeh de- hos hate deh dro enase, 7.71S, 0.725 cm3jg (Fox and
. Dandler 1956) and catalase 11.30S, 730 
3/g (Sumner and Gralen 1938).
The velocity of travel of a macromolecule in a centrfugal field thugh a sucrose density
gradient is constant and independent of angular acceleration (Martin and Ames 1961).
Therefore, the sedmentation coeffcient, sT m at temperatue T in solvent m, where r is the
distance from the axis of rotation and co is the angular velocity of the rotor can be
expressed as:
m - co (3.
The velocity, V, can be obtained by measurng the distance traveled by the paricle durng
time, t. ro is the distance from the top of the tube to the center of rotation and r is the
migrtion distace of the parcle at tie t from the center of rotation.
(r-r
(3.3)
+r)
The half-distance of travel orravg is defmed as ravg = resultig in:
(r-r
ravg= H
" .
avg
(3.4)
m can be calculated for all the resolved species and marker proteins in both D20 and
H20 gradents.
Since the gradients used here are linear, the density at a given distance can be easily
determned by a linear extrpolation of known values for 5% and 20% sucrose in H20 and
D20. The densities at the position ravg can thus be determned. However the viscosity,
11, is highly temperature dependent and is not a linear function of the grdient. Therefore,
the relative viscosity at ravg for each of the marker proteins in the H20 and D20 grdients
can be calculated using the following form of the Svedberg equation:
(llT 
j?)
(1l20,
(S20 (1-v(PT 
)))
(ST, (1-vP20, (3.
The relationship between viscosity and ravg in both D20 and H20 is then graphed
separately (Figure 3) and fitted by interpolation. Ths allows determnation of the relative
viscosity at the position in the gradient where the cholate solubilzed protein species travel.
The specfic volume of the parcle is determned by:
sHllH
- 1
sDllD
sHllH
PD sDllD - PH
(3.
Sedimentation Coeffcient at 2()C in H20.
The paral specific volume can then be used to determne the sedimentation coefficient at
200C in H20 (S20, ) for the protein detergent micelle.
llH 
- sH (1l20
- VHP20,
20,w - 1 - vHPH (3.
, .
Difion coefcient.
The diffusion coeffcient is related to the Stokes ' radius, S r' of the molecule.
D = 61t1l Sr (3.
k is the Boltzman constant. The Stokes ' radius is determned by size-exclusion HPLC in
cholate. A calbration cure is obtaed using the following stadards with their respective
- _ u _
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Stokes ' radi: ferrtin, 61 A; thyroglobulin, 85 A; aldolase, 48. 1 A; ovalbumin, 30.5 A and
ribonuclease A, 16.4 A.
. In this section, we ask whether human erythrocyte glucose trsporter exists as monomeric
or as multimerc species in detergent extrcts of membraes.
Sucrose gradient ultracentrifgation
. , 
Ravg and relative viscosity at Ravg were obtained for all standards in 5 - 20% sucrose
grents in H20 and D20. The relationship between relative viscosity at Ravg and Ravg
in D20 and H20 (Figure 3) is computed by using polynomial regression analysis.
Thee discrete populations of GLUTI-detergent-lipid micelles are resolved upon sucrose
gradient ultracentrifugation of cholate solubilzed purified GLUTI (Figure 4). The
quantity of each population is dependent upon the presence or absence of reductant (DTT)
in the purfication process.
GLUT 1 +DTT solubilzed in 20 mM cholate and subjected to sucrose gradient
ultracentrfugation in 20 mM cholate is resolved predominantly as 3.43 :: 0.42S and 6.
:: 0.52SS paricles. A minor population of 10.54 :: 0.28S parcles are also observed.
GLUTI-DTT is largely resolved as a major 1O. 54S paricle with minor 3.43S and 16S
populations.
The paral specific volumes of these three populations is determned by the method 
Clarke (1975, see equation 3.6). These species are found to be 0.75 :: 0.08, 80:: 0.
and 0.87:: 0.01 cm3jg for 10.54S, 6. 16S and 3.43S parcles respectively.
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micelles' Stokes ' radii (S ) are critically dependent upon the
resence of reductant durng purfication as resolved by size-exclusion HPLC in 20 mM
cholate. Erythocyte membranes (ghosts) solubilzed in 20 mM cholate are resolved as a
. major peak of Sr = 7.80:t 0.02 nm (Figure 5). An appreciable shoulder at 6.01 :t 0.
nm and a minor peak of 3.90:t 0. 19 nm are also observed. This profie is similar to that
- observed with GLUT-DTT although the 6.01 nm species is somewhat more prominent in
Solubilzed GLUTI from ghost membranes thus closely resembles
solubilzed GLUTI-DTT
OLUTI +DTT is resolved largely as a single population with a Sr of 6.01 nm.
Interestingly, the 6.01 nm species of GLUTI-DTT can be enrched at the expense of the
80 nm species by solubilzation of GLUT-DTT in the presence ofDTT.
These results are independent of the method of assay for GLUT1. Thus GLUTI
containing micelles detected either by direct GLUTI immunoassay (Figure 5) or by
alysis ofD- glucose inhibitable (3H)- cytochalasin B photoincorporation (Figure 6) into
GLUTI are indistinguishable.
Diffusion coefficients (D20 w) are calculated for the varous populations of transporter
J;celles resolved by SEC-HPLC (see equation 3.8). D20
, w are 5.37 x 10-
7 cm2jsec,
3.49 x 10-7 cm2jsec and 2.69 x 10-7 cm2jsec for smal to large micelles respectively.
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Figure S. SEC-HPLC of ghost membrane and purifed GLUTl as assayed by
: ELISA. Erythrocyte ghost membranes (uppermost dashed cure), GLUT-DTT (thin-
solid curve) and GLUT+DTT (lowermost dashed curve) were solubilzed in 20 mM
cholate and resolved by size-exclusion HPLC in 20 mM cholate. ctions were assayed
j)yELISA employing anti-GLUT 1 C-termnal antibodes. GLUTI-DTT was solubilzed
fu20 ro cholate containing 10 mM DTT (thick solid curve) and processed as descrbed
previously. Protein standards were employed to obtain a relationship between retention
tie (Rf) and Stokes radius (Sr): Sr = 21.672 - 0.4341 Rf (correlation coefficient = 0.965).
e data sets have been displaced in the y-axis to faciltate distinction. This figure shows
the results of a single experiment. This experiment was performed 25 separate occasions
with indistiguishable results.
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Figure 6. SEC-HPLC of ghost membranes and purifed GLUT! as assayed by D-
Glucose-inhibitable (3H)-cytochalasin B photoincorporation. Elution profile of (3H)-
cytochalasin B photolabelled GLUTI. Erythrocyte ghost membraes (uppermost dashed
curve), GLUT-DTT (thin-solid curve) and GLUT+DTT (lowermost dashed cure) were
photolabelled with (3H)-CCB in the presence of 200 mM D-glucose or L-glucose.
Ordinate: cpm photoincorporated in the presence of 200 mM L-glucose minus cpm
photoincorporated in the presence of 200 mM D-glucose. The photolabelled proteins were
solubilzed in 20 mM cholate and processed as in figure 5. The data sets shown have been
displaced in the y-axis to faciltate distinction. This experiment was repeated 3 separate
occasions. The results shown above are representative of 3 separate occasions.
Lipid determnation
Large quantities of cholate solubilzed pured GLUTI were separated from unassociated
lipid by lentil-lectin chromatography. Solubilzed GLUTI was applied to a lentil-lectin
column and the flow through fraction containing unadsorbed GLUTI and lipid collected.
Bound GLUTI was then eluted by 500 mM N- acetylglucosamne. This fraction was
assayed for (GLUT1), (lipid) and (phospholipid). Lipid acyl-chain composition and
content were determined by gas chromatography (Carthers and Melchior, 1984).
Phospholipid content was determned by a modfied Barett procedure (Carthers and
Melchior, 1984). Each solubilzed glucose transporter, as assayed by Lowry protein
assay, was associated with 26:t 2 lipid molecules (Carthers and Melchior, unpublished).
A remaning problem is that each of the thee populations of GLUT 1 micelles may contai
varying compositions of lipid. However, we are unable to cleanly isolate sufficient
quantities of each population for lipid analysis at this tie.
Detergent determnation
The cholate content of the protein-lipid-detergent micelle is determned in a manner
analogous to the method employed above for lipid determnation. All cholate solutions
contain (3H)-cholate at identical specific activity. The lentil-lectin column separates
glycoprotein-containing micelles from cholate micelles. The N-acetylglucosamine
(NAG)-eluted fractions are then assayed for radiolabelled cholate content and GLUTI
content.
The (3H)-cholate content of the lentil-lectin eluate is not systematically related to the
(GLUT 1 ) of the eluate (Figure 7 A). Indeed, the (3H)-cholate content of the eluate is not
significantly different from protein-free, background levels (20 mM cholate). This result
is a consequence of the high critical micellular concentration of cholate and the low cholate
content of GLUTI micelles. Statistical (regression) analyses, permt computations 
F i g u r e  7 .  
( 3 H ) - c h o l a t e  b i n d i n g  d e t e r m i n a t i o n .  
A )  ( 3 H ) - c h o l a t e  s o l u b i l z e d  G L U T -
D T T  w a s  e l u t e d  f r o m  a  l e n t i l -
l e c t i n  c o l u m n  w i t h  N - a c e t y l  g l u c o s a m n e  ( N A G ) .  
G L U T I
c o n t e n t  w a s  d e t e r m i n e d  b y  E L I S A  w i t h  a n t i -
G L U T I  C O O H  p e p t i d e  a n t i b o d i e s  ( t h i n
c u r v e ) .  
F r a c t i o n s  w e r e  c o u n t e d  f o r  ( 3 H ) - c h o l a t e  c o n t e n t  ( o p e n  c i r c l e s ) .  
B )  T h e
r e l a t i o n s h i p  b e t w e e n  ( 3 H ) - c h o l a t e  a n d  f r a c t i o n  n u m b e r  w a s  a n a l y s e d  b y  t h e  m e t h o d  o f
l e a s t  s q u a r e s  ( s h o w n  b y .  s t r a i g h t  l i n e ) .
T h e  c o m p u t e d  9 5 %  c o n f i d e n c e  l i m i t s  o f  t h i s
r e g r e s s i o n  a n a l y s i s  a r e  i n d i c a t e d  b y  t h e  d a s h e d  
c u r e s .
T h e  p r e d i c t e d  ( 3 H ) - c h o l a t e
c o n t e n t s  o f  G L U T  1  w e r e  c o m p u t e d  u s i n g :  A
,  t h e  m e a s u r e d  ( G L U T 1 )  e l u t e d  b y  N A G  ( s e e
A ) ;  B ,  t h e  k n o w n  s p e c i f i c  a c t i v i t y  o f  ( 3 H ) - c h o l a t e  a n d  C ,  b y  
a s s u m n g  t h e  m i c e l l e s  
c o n t a
5 0 ,  1 0 0 , 5 0 0  o r  1 0 0 0  m o l e c u l e s  o f  c h o l a t e  p e r  G L U T  
1  m o l e c u l e .
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confidence limits for the experimental data. Predicted profies of (3H)-cholate using
values of 50, 100, 500 and 1000 cholate molecules per protein monomer per micelle can be
generated (Figure 7B). Owing to the high specifc activity of the background cholate,
only levels greater than 50 cholate molecules per GLUTI monomer per micelle would be
resolved by this analysis. However, regrssion analysis indicates that the 95% confidence
limits for the experiental data includes predcted cholate:GLUTI ratios of 50:1 or lower.
Therefore, cholate is present at an uppermost limit of 50 cholate molecules per GLUTI
monomer per micelle.
Unit size
The molecular mass of each population of protein-detergent-lipid micelles is determned
using the Svedberg equation (see equation 3. 1). Determination of lipid and maximum
detergent content permits calculation of the unit size or the number of monomers per
micelle. The unit sizes of the resolved micellular population are: monomer (1.21), dimer
(2.21) and tetramer (3.87) (Table I). Since sodium cholate has a small aggregation
number (3, Helenius and Simons 1972) the likelihood of more than one monomeric
transporter existing in one micelle is remote. These calculations use 50 as the ratio of
detergent to protein. If the value is smaller than 50 the unit size of the populations does
not change significantly. The calculations assume that the experimenta Stokes ' radii and
sedentation coefficients are directly related. Ths is supported by the demonstration that
the 10.54S paricle is resolved by SEC-HPLC as a parcle with a Stokes ' radius of 7.
nm.
Free thiol determination
These findings suggest a possible role for disulfde bonds in establishing or maintaining
GLUTI oligomeric associations in cholate. Closer examination of the putative
topographical map for GLUTI (Figure 8), indicates that four cysteine residues lie in the
'-,. - - '"-
::;li-::.;5:ji; '1.
Table I
Hydrodynamic properties of the solubilized glucose transporter
Micelle
Parameters Lage Medium Smal
Stokes Radius (nm) 80 01 90 
(n = 18) (n = 25) (n = 7)
Phospholipid binding
(mol/mol of protein) (n = 3) (n = 3) (n = 3)
Detergent binding
(mol/mol of protein)
Diffusion coefficient 69:t 0. 3.49 5.37 
(D20,
) (
sec)x107
Sedimentation coefficient 10.54 :! 0. 16 :! 0. 3.43 0.42
(s20, ) (S ) (n = 7) (n = 7) (n = 7)
Parial specifc volume 75:t 0. 80 :t 0. 87 
3/g)
Molecular weight (ka) 381 :t 21 217 118 
Protein moiety (ka) 210:t 12 120 
Unit size (monomers) 87 :t 0. 21 0.33 1.21 
Topology of GLUT 1 Cysteines
Figure 8. Diagram of the putative secondary structure of GLUTl and the topology
of GLUTl cysteine (C) residues.
lipid bilayer and one cysteine is found on each side of the membrane, immedately adjacent
to the bilayer.
The free sulfhydrl content of the two purfied GLUT 1 prepartion was determned by the
use of Ellman s reagent (Rao and Scarborough 1980). The pured protein is solubilzed
in SDS to unfold the protein and thereby allow uniform access of the thiol sensitive
photochemical reagent (5,5' -dithiobis(2- nitrobenzoic acid), Ellman s reagent) to the entire
polypeptide. GLUTI-DTT contains 2 free sulfhydrls per GLUTI molecule, whereas
GLUT 1 +DTT contains 6 free sulfydrls (Figure 9).
GLUTI-DTT contains four sulfhydrl groups which are inaccessible to Ellmans reagent.
This could be due to: 1. The existence of intra-molecular disulfde bonds. 2. The existence
of inter-molecular disulfide bonds between homo- or hetero-oligomers. 3. The
conformation of GLUT-DTT could hinder the accessibilty of the thiol sensitive reagent to
the appropriate residues. 4. Mixed disulfides may exist between the protein and
glutathione. Intermolecular disulfide bonds are excluded by reducing and non-reducing
SDS-PAGE analysis of GLUT1:tTT (Figure 13). Intr-molecular disulfide bonds thus
appear to be involved since GLUT-DTT can be converted to GLUT1+DTT by DTT-
treatment of cholate solubilze GLUTI-DTT (Figu 4). These findings wil be discussed
in deta in chapte five.
Alkylating agents efects
To ensure that the size of the observed species is not an arifact of the protein purication
procedure, the membrane permeable alkylating agent, N-ethylmaleamde (NEM), was
employed to freeze the protein in its native redox state. NEM allates any accessible fre
sulfhydrl groups. Thus blocking the oxidation of free sulfhydrls (to disulfides) durng
:: 
rJ Co
e: 
"0 e
(1 (1
GLUT1 free sulfhydryl content
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Figure 9. Free sulfhydryl content of purifed GLUT!. GLUT-DTT (closed circles) or
GLUT+DTT (open circles) was denatured in 0.5% SDS for 30 minutes at room
temperature. Non-solubilzed GLUTI was removed by centrfugation and the amount of
GLUTI present in the supernatat determned by protein assay. The reaction was initiate
by addition of 100 Jl freshly prepared 10 mM 5,5' -dithiobis(2-nitrobenzoic acid) (DTNB
The course of the reaction at roomEllman s reagent) to the solubilzed GLUT1.
An extinctiontemperature was recorded as the increase in absorbance at 412 nm.
coeffcient of 13,60 M- l cm l at 412 nm for 2-nitro- thiobenzoic acid (NTB) was used
to quantitate the reaction. The results of 3 separate, similar experiments indicate that
GLUTI-DTT and GLUT1+DTT contai 2.2:t 0. 1 and 6.2:t 0.2 free sulfhydrl groups per
monomer, respectively.
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Figure 10. Effect of alkylation on the size of solubilzed erythrocyte ghost GLUTI.
Erythrocyte membranes were treated with the membrane-permeable, alkylating agent, N-
ethyl maleimide (NEM) and solubilzed in 20 mM cholate. Solubilzed proteins were
resolved by SEC-HPLC. Fractions were assayed for GLUT 1 content by ELISA
employing anti-GLUT 1 antibodes. The data sets are displaced in the y-axis to faciltate
distiction. These results are representative of 3 separate experiments.
furher manipulation. Pror treatment of erythocyte ghosts with NEM has no effect on
the size of GLUTI-contaning micelles as resolved by size-exclusion HPLC (Figur 10).
Conclusions
1. Erythrocyte glucose transporter purified in the presence of reducing reagent
(GLUT 1 +DTT) and solubilzed in sodium cholate is resolved largely as a homo-dimer
with mior tetreric and possibly monomeric components.
2. Erythrocyte glucose transporter purfied in the absence of reducing reagent (GLUT1-
DTT and solubilzed in sodum cholate is resolved largely as a homo-tetramer with mior
dimeric and possibly monomeric components.
3. Sodum cholate solubilzed erythocyte membranes (ghosts) resemble the GLUTI-DTT
preparation and are resolved largely as tetrameric trsportrs.
4. GLUT +DTT contains six free sulfhydryls upon solubilzation in SDS whereas
GLUTI-DTT contains two free thiol groups under equivalent conditions. The four
inaccessible sulfhydrls in GLUTI-DTT form either intramolecular disulfide bonds or
mied disulfides.
'j'
Chapter IV
OLIGOMERIC ST ATE OF MEMBRANE-RESIDENT GLUT!
The precedng, hydrodynamc studies show that detergent-solubilzed, human erythrocyte
glucose transporter (GLUT1) exists as homotetramers or homodmers, in the absence or
presence of reductat, respectively. These studies however, do not address the oligomeric
state of GLUT 1 in the native lipid bilayer- the physiological environment of GLUT1.
The study of the quaternar structure of membrane proteins has lagged behind similar
studies of water soluble proteins because of complications resulting from associations of
membrane proteins with the lipid matrx. Detergents disrupt this matrx enabling the
solubilzation of membrane proteins. However, a remaining caveat is that the strcture of
the protein may not be conserved during solubilzation. Therefore, it is necessar to
investigate the quaternar state of GLUTI in its native lipid bilayer. In addition
hydrodynamic analyses rely on purified GLUTI. The manipulations of GLUTI durng
the purfication process may alter trsporter oligomeric state.
Results and Discussion
Two powerful approaches for investigating membrane-resident protein oligomeric
strcture are chemical crosslinkg and conformation-specifc antibody binding.
Chemical crossling
The physical propertes of integral membrane proteins often preclude detailed strctural
investigations. Biophysical techniques e.g. low angle scatterig of X-rays or neutrons, or
fluorescence methods can provide important information about protein structure.
However, these techniques often require harsh treatment of protein in order to obtain
ordered samples. Chemical crosslinng can provide important information about protein
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oligomeric state without the harh treatments required with biophysical methods (Peters
and Richards 1977).
The basis of chemical crosslinking is to freeze the protein in its oligomeric strcture.
Crosslinking reagents contain two chemically reactive groups which are commonly
symmetrcal and connected by a specified liner ar available in a varety of lengths. An
effective crosslink is produced by the reactive groups of a crosslinker reacting with two
different subunits of a complex. Effective crosslinkng is thus highly dependent upon the
geometr and specificity of reactive, protein components and the length of the ar of the
crosslinker. Once the protein is crosslinked in its native lipid bilayer, the protein can then
be resolved by SDS-PAGE.
Crosslinking of erythrocyte GLUT 
Intact erythrocyte membrane proteins were crosslinked by using the membrane
) perreable, u.v. activated crosslinker, dithiobisphenyl azide (D1PA, Figue 11). D1PA
crsslinkng of erythrocytes at ice-cold temperature results in the formation of 55, 110 and
220 kDa GLUT I-containing complexes (figure 11). While heterocomplex formation
remais a formal possibilty these data are also consistent with tetrameric associations of
GLUT 1 in erythrocyte membranes. No red cell aggregation is observed therefore no
anfactual crossling between cells occurs.
Chemical crosslinking is not without pitfalls. Protein concentration is critical during
crosslinkng. A protein concentrtion that is too high can result in random crosslinng of
adjacent, non-associated complexes. A number of considerations, however, suggest that
this is not probable. The mean time between collsions of GLUT 1 molecules in an
eryocyte bilayer (t ) is (Berg et. al., 1977):
1.1 1.2tav = N D n N s (4.
p -
where a is the radius of the cell (assuming it has been unfolded into a circular bilayer), s is
the radus of GLUT 1 , and N and D are the number of GLUTI molecules per cell and the
diusion coefficient of GLUTI in a lipid bilayer (Kehm and Ji, 1977), respectively. The
average time between GLUTI molecular collsions in erythocytes is thus 381 msec. The
hal-lie of an arl nitrene (the u. -activated, reactive form of N3) is in the order of 1 msec
(Reiser et. al., 1968). The fraction of activated crosslinker that would remain at tav is,
therefore, 2. 15 x 10- 115 . These calculations strongly suggest that if the observed
crosslinked complexes represent dimeric and tetrameric GLUT1 , they could not have
arsen purely by simple, random diffusionjcollsion in the bilayer. Since these
experiments are performed in erythrocytes, the formation of heterocomplexes cannot be
excluded. Analogous calculations assuming 1 x 106 anion transporters per erythocyte
suggest that this probabilty is also extremely low. Furhermore, the expected size of a
GLUTI-anion transporter complex would be 145 kDa. In addition, the probabilty of
collsions between GLUTI and lipid is much greater than that of GLUTI-protein
collsions. Lipid collsions resultig in crosslinkg are unliely to have a noticeable effect
on size as resolved by SDS-PAGE.
Chemical crosslinking of purifed GLUT 1
GLUTI co-purfies with re cell lipid and integrtes normally into bilayers upon detergent
removal (Cairs et.al. 1987). This permts the use of purfied GLUTI to examine the
oligomeric strcture of membrane-resident GLUTI. Glutaraldehyde reacts with priar
amines. Glutaraldehyde crosslinked GLUTI-DTT is resolved as GLUTI monomers,
dimers and tetramers (Figure 12A) by SDS-PAGE. GLUT1+DTT is resolved as
monomers and dimers (Figure 12B). Since glutaraldehyde is 6.6 A in length, these
findings argue strongly for homotetrameric associations of GLUTI in GLUTI-DTT
proteoliposomes and for homodimeric associations of GLUTI in GLUT 1 +DTT
Dithiobisphenylazide
DTPA
Glutaraldehyde
N. 
( )-
s-s
-( )-
H H 
c-c-c-
H H 
Figure 11 Chemical Crosslinkers
205 116
500
DTPA D1T
...
monomer 
Relative Mobility
1000
Figure 12. Chemical crosslinking of GLUTI in erythrocytes. Intact human red cells
were u.v. iradiated at ice temperature in the presence of 1 mM dithiobisphenylazide
(+DTPA) or in the absence of DTPA (-DTPA). GLUTI containing complexes were
resolved by reducing (+DTT) or non-reducing (-DTT) SDS-PAGE and were detected by
immunoblot assay. Ordinate: relative (GLUT1); abscissa: electrophoretic mobilty. The
mobilties of molecular weight standards (kDa) are shown above the traces.
heterogenously glycosylated monomer is denoted by the bar below the trces.
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F i g u r e  1 3 .  C h e m i c a l  c r o s s l i n k i n g  o f  G L U T I  i n  
p r o t e o l i p o s o m e s .  
P u r f i e d  G L U T I
( G L U T I -
D T T  a n d  G L U T 1 + D T T )  w a s  c r o s s l i n k e d  u s i n g  
g l u t a r a l d e h y d e  ( G A ) .  
G L U T  1
c o n t a i n i n g  c o m p l e x e s  w e r e  
r e s o l v e d  b y  r e d u c i n g  a n d  n o n - r e d u c i n g  S D S -
P A G E .
R e d u c i n g  a n d  n o n - r e d u c i n g  e l e c t r o p h o r e s i s  r e s u l t e d  i n  u n d i s t i n g u i s h a b l e  
t r c e s  a s  d e t e c t e d
b y  i m m u n o b l o t s .  
O r d i n a t e :  r e l a t i v e  ( G L U T 1 ) ;  a b s c i s s a :  e l e c t r o p h o r e t i c  m o b i l t y .  
T h e
m o b i l t i e s  o f  t h e  m o l e c u l a r  w e i g h t  s t a n d a r d s  ( k D a )  a r e  
s h o w n  a b o v e  t h e  t r a c e s .  
K e y :
G A + ,  G L U T I  t r e a t e d  w i t h  1 3  m M  
g l u t a r a l d e h y d e ;  G A - ,  G L U T I  p r o c e s s e d  i n  t h e  a b s e n c e
o f  g l u t a a l d e h y d e ;  D T T : t ,  p r o f i e s  o b s e r v e d  i n  
t h e  p r e s e n c e  o r  a b s e n c e  o f  D T T  i n  t h e
s a m p l e  b u f f e r .
205 116 66 45
GLUT1 +DTT
DTT.GA+
GA-
Relative Mobilty
116 66 205 
GLUT1-DTT
GA+
DTT
GA-
Relative Mobilty
proteoliposomes. Moreover, the significant absence of species of ~220 kDa in GLUT1-
DTT and the absence of species ~ 110 kDa in GLUT 1 +DTT argues strngly against non-
specific complex formation. No liposomal aggregation is observed; therefore no
aractual crossling occur between adjacent vesicles.
Conformtion-specifc antibodies
Antibody-antigen interactions are highly sensitive to antigen conformation. Certain
antibodes raised against influenza hemagglutinin (H) can bind either to HA monomers
or to HA trmers but not to both (Copeland et. al., 1988). A varety of polyclonal
antibodes against GLUTI available in our laboratory were tested for their titers towards
varous conformations of GLUT1. Rabbit IgGs raised against GLUTI-DTT ( a-IgGs)
react specifically with extracellular epitopes of GLUT 1 in isolated red cells and in CHO
cells transfected with GLUTI cDNA and over expressing GLUTI (Harson et. al., 1990).
Competition ELISA assays using a-IgGs show that a-IgG-reactive epitopes are present in
both GLUT-DTT and in intact erythrocytes but are absent in GLUT+DTT (Figure 13A).
Anti-GLUTI carboxyl-terminal peptide IgGs (C-IgGs) show similar titers for both
GLUTI-DTT and GLUT +DTT. This suggests that the C-termni of both GLUT +DTT
and GLUTI-DTT are accessible and present at simiar concentrations. C-IgGs fai to react
with the intracellular carboxyl-termnal region of GLUTI in intact cells but do bind to
unsealed cell ghosts (Figure 13A, see also Harson et. al., 1990).
Competition ELISAs can be caried out using GLUTI-DTT and GLUT1+DTT 
standards, to determine the number of IgG-reactive GLUTI proteins per erythrocyte
(Figue 13B). The extrpolated number of cell surace, a-IgG-reactive GLUTI proteins is
307,029:t 50,872 per cell using GLUTI-DTT as a standard or ~ 100 x 106 per cell using
GLUT1+DTT as a standard. Erythocyte ghosts contain 296,651 :t 41 349 reactive sites
(using GLUTI-DTT as a standard). Since erythrocytes contain 150,000 to 300,000
F i g u r e  
1 4 .  C o m p e t i t i o n  E L I S A  
a s s a y s  
o f  e r y t h r o c y t e  G L U T I -
D T T  c o n t e n t .
C o m p e t i t i o n  E L I S A  a s s a y  
( C a r t h e r s  a n d  
H e l g e r s o n ,  1 9 8 9 )  u s i n g  r a b b i t  a n t i -
G L U T 1 -
D T T  I g G s  
( 0 -  
I g G s )  w e r e  p e r f o r m e d  t o  
d e t e r m e  t h e  n u m b e r  o f  r e a c t i v e ,  G L U T I  e p i t o p e s
p r e s e n t  i n  G L U T I - D T T ,  G L U T 1 + D T T ,  i n t a c t  e r y t h r o c y t e s  a n d  i n  l e a k y  e r y t h r o c y t e
g h o s t s .  A ) .  
P r o r  t o  
a d d i t i o n  o f  a -
I g G s  ( t r a n g l e s )  o r  C - I g G s  ( c i r l e s )  t o  w e l l s  c o n t a i n i n g
1 0 0  n g  G L U T I -
D T T ,  t h e  I g G s  w e r e  i n c u b a t e d  f o r  6 0  m i n  a t  r o o m  t e m p e r a t u r e  w i t h
G L U T I - D T T  ( o p e n  
s y m b o l s )  o r  G L U T 1 + D T T  ( c l o s e d  s y m b o l s ) .
T h e  a m o u n t  o f
G L U T I  p r e s e n t  i n  t h e  p r e i n c u b a t i o n  i s  s h o w n  o n  t h e  
a b s c i s s a .
A b s o r b a n c e  w a s
n o r m a l z e d  t o  a b s o r b a n c e  
d e v e l o p e  i n  t h e  a b s e n c e  o f  e x o g e n o u s  G L U T 1 .  
T h e  c o m p u t e d
h a l f - m a x i m a l  G L U T I  b i n d i n g  c o n c e n t r a t i o n s  a r e :  a -
I g G s ,  G L U T I -
D T T  =  2 7 3  : t  1 6  n g ,
G L U T 1 + D T T  ~  1 0 0  
J l g ;  
I g G s
,  G L U T I -
D T T  =  1 5 5 : t  6  n g ,  G L U T 1 + D T T  =  7 1 : t  5  n g .
B ) .  P r o r  t o  a d d i t i o n  o f  a -
I g G s  ( t r a n g l e s )  o r  C - I g G s  ( c i r c l e s )  t o  w e l l s  c o n t a i n i n g  1 0 0  n g
G L U T I -
D T T ,  t h e  I g G s  w e r e  i n c u b a t e d  f o r  6 0  m i n  a t  r o o m  t e m p e r a t u r e  w i t h  i n t a c t  r e d
c e l l s  ( c l o s e d  s y m b o l s )  o r  w i t h  l e a k y  ( f r e e z e J t h a w e d )  e r y t h r o c y t e  g h o s t s  ( o p e n  s y m b o l s ) .
T h e  n u m b e r  o f  c e l l s  p r e s e n t  i n  t h e  p r e i n c u b a t i o n  i s  s h o w n  o n  t h e  a b s c i s s a .  T h e  n u m b e r  
g h o s t s  w a s  c a l c u l a t e d  a s s u m i n g  
1  g h o s t  c o n t a i n s  0 .
6 6  p g  m e m b r a n e  p r o t e i n  
( C a r t h e r s ,
1 9 8 6 ) .  A b s o r b a n c e  w a s  n o r m a l i z e d  
t o  a b s o r b a n c e  d e v e l o p e d  i n  t h e  a b s e n c e  o f  c e l l s  o r
g h o s t s .  T h e  c u r e s  d r a w n  
t h r o u g h  t h e  p o i n t s  a s s u m e  a  s i n g l e ,  s a t u r a b l e  c o m p o n e n t  o f
b i n d i n g .  T h e  c o m p u t e d  h a l f - m a x i m a l  b i n d i n g  c e l l  n u m b e r s  a r e :  a - I g G s ,  i n t a c t  c e l l s  =  ( 9 .
: t  0 .
8 )  x  1 0 6  c e l l s ;  C -
I g G s ,  i n t a c t  c e l l s ; :  1  x  1 0 1 0  c e l l s ,  l e a k y  g h o s t s  =  ( 5 .
7  : t  0 . 7 )  x  1 0 6
c e l l s .  A l l  m e a s u r e m e n t s  w e r e  m a d e  i n  d u p l i c a t e .  
T h e s e  r e s u l t s  s u m m a r z e  1 2  s e p a r a t e
e x p e r i e n t s .
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GLUT1 ng
1000 10000
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GLUTI-specific cytochalasin B binding sites (Jung and Rampal1977, Helgerson and
Carthers 1987), these findings suggest that eryocyte-resident GLUT1, which closely
resembles GLUTI-DTT, accounts quantitatively for erocyte transporter content.
Conclusions
Dithiobisphenylazide (DTPA) crosslinked erythrocytes membrane-resident
GLUTl is resolved by SDS- PAGE as 55, 110 and 220 kDa species.
Glutaaldehyde crosslinked GLUTI-DTT is resolved as monomeric, dimeric and
tetramerc species.
Glutaraldehyde crosslinked GLUT +DTT is resolved as monomeric and dimeric
species.
The use of conformation-specific antibodes demonstrtes that erythrocyte-resident
GLUTI closely resembles GLUTI-DTT.
At the most simplistic level, the sole GLUTI species present in GLUTI-DTT and
erythrocyte membranes but absent in GLUT 1 +DTT is tetrameric GLUTl.
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Chapter V
FUNCTIONALITY AND ORIENT TION
OF GLUTI SUGAR BINDING SITES
The precedng chapters have examned the oligomeric state of solubilzed and membrane-
resident GLUTI. The presence of reducing agents plays a crtical role in determning the
oligomeric strcture of GLUTI. In this chapter, we explore the effects of reductant on the
functionalty and the orientation of the substrte bindig sites of GLUTl.
Results and Discussion
Equivalent amounts of purified GLUT 1 and GLUT 1 present in erythrocyte ghost
membranes were reconstituted into proteoliposomes. The functionality of the
reconstituted transporter was assayed by determning the uptake of 0. 1 mM (14C) 3-
methylglucose into the GLUTI containing proteoliposomes. Proteoliposomes containing
equivalent amounts of GLUTI-DTT, GLUT1+DTT and erythrocyte ghost GLUTI
mediate cytochalasin B-inhibitable 3-0-methylglucose transport at rates which are
indistinguishable at the avaiable resolution (Figure 15).
The uptae measurements of reconstituted GLUTI indicate that the GLUTI preparations
(GLUTI-DTT and GLUT1+DTT) contain functional species. However, recall from
chapter III (Figures 4 and 5) that the prepartions contan a varety of GLUTI populations
(monomer, dimers and tetramers). The fraction of these species is dependent upon the
presence or absence of reductant during purification. Therefore, the formal possibilty
exists that a given population is dysfunctional and an additional population functions at a
higher level. However, if GLUT +DTT contains 100% dimer (as probed by SEC-HPLC)
and GLUTI-DTT contains 25% dimer (Figure 4), it is difficult to envision that the 25%
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dier of GLUTI-DTT could have equivalent trsport capabilties as 100% of the dier of
GLUT 1 +DTT.
Ligand binding studies were employed to examine the functionaIity of each individual
subunit of GLUTI-DTT and GLUT 1 +DTT in closer detail. D-glucose binding to GLUTI
can be conveniently monitored by fluorietr since the intrnsic trtophan fluorescence of
the transporter is quenched when D-glucose binds to the carer (Gorga and Lienhard,
1982). L-glucose, the non-transported stereoisomer ofD-glucose fails to quench GLUTI
intrinsic fluorescence. Scatchard analysis of D-glucose-dependent GLUT 1 intrnsic
fluorescence quenching demonstrates that GLUTI-DTT contains at least 2 distinct D-
glucose binding sites (high and low affinity)- a result expected of a two-site carer (Figure
16). These sites have been shown to co-exist on a single functional complex (not different
populations of GLUT1) and to correspond to the influx (high affinity) and efflux (low
affinity) sites by analysis of D-glucose inhibition of cytochalasin B binding to the effux
site and of phloretin binding to the influx site (Carruthers, 1986). Furthermore,
GLUT 1 +DTT contains a single population of sugar binding sites- a result expected of a
one-site carer (Figue 16). However, the x-intercept (number of sugar binding sites) of
both GLUT1+DTT and GLUTI-DTT plots in figure 16 are indistinguishable indicating
that equivalent amounts of total D-glucose bindig sites are present. The two prepartions
therefore contain equivalent amounts of functional units as assayed by D-glucose binding
capacity.
These studies show that tetrameric (but not dimeric) GLUTI presents multiple D-glucose
binding sites. However, they do not address the orientation of substrate binding sites in
the transporter complex. Cytochalasin B binding studies can be employed to investigate
the orientation of the binding sites of the purified transporter. Cytochalasin B binds
specifically at (or very close to) the glucose transporter effux (low affinity) site (Baldwin
et. al. 1982, Carthers and Helgerson 1991). GLUTI-DTT binds 0.42:! 0.02 moles of
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Figure 16. D- glucose binding to purified GLUTI. glucose binding to GLUTI was
monitored by measurements of D-glucose induced, GLUTI intrnsic fluorescence
quenchig. Ordinate: D-glucose specific, GLUTI fluorescence quenching expressed as
fractional fluorescence quenching/(D-glucose) (mM D-glucose l), Abscissa: fractional
fluorescence quenching. Data ar shown for GLUT1+DTT (closed circles) and GLUT1-
DTT (open circles). The curve through GLUTI-DTT data is the computed best fit
assuming 2 saturable components of sugar binding each characterized by a binding
constant (Kd(app)) and a maximum quenching parameter (Qm
). 
The computed
parameters are: (app)1 = 1.7 mM, Qml = 0.042; (apph = 25.3 mM, Qm2 = 0.048.
The strght line drawn though GLUT 1 +DTT data was calculated by linear regression and
corresponds to a single, saturable component of bindig with (app) = 12.6 mM and Qm
= 0.091. This data summarzes 9 separate experiments.
ts:
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cytochalasin B per mole of GLUTI whereas GLUT +DTT binds 0.82 :! 0.06 moles of
cytochalasin B per mole of GLUTI (Figure 17). GLUT1+DTT thus has twice the
cytochalasin B binding capacity of GLUTI-DTT. Since both preparations contain the
same number of total D-glucose binding sites, based upon the tryptophan quenching
studies shown above, these findings are commonly interpreted as indicating that one half of
the GLUTI-DTT preparation is dysfunctional with regard to cytochalasin B binding
capabilty. However, these obserations are also consistent with the following hypthesis:
1. GLUT 1 +DTT is a one-site trsporter capable of binding one cytochalasin B or one D-
glucose molecule per GLUTI monomer. 2. GLUTI-DTT (tetramer) is a two-site
trsporter capable of bindig one D-glucose molecule per monomer and one cytochalasin
B molecule per GLUTI dimer. Tetrameric GLUTI must expose two sugar influx sites
and two sugar effux sites but never four sugar effux simultaneously. This would explai
both the lower cytochalasin B binding capacity and the multiple sugar binding site kinetics
of GLUTI-DTT.
This model can be furher tested in erythrocyte membranes depleted of periphera proteins
(strpped ghosts). This erythrocyte membrane-resident system is more representative of
the physiological state of GLUT1. Based upon the above hypothesis, dithiothreitol
treatment of strpped ghosts is predicted to: 1. result in the loss of multiple GLUTI D-
glucose binding sites; . 2. double the cytochalasin B binding capacity of membrane-resident
GLUTI and, 3. convert tetrameric GLUTI to dimeric GLUTl.
Erythrocyte membranes were depleted of peripheral proteins by a single alkaline wash
(Carthers, 1986). These membranes were subsequently exposed to either a second
alkaline wash (SG I pH), a second, neutral wash with dithiothreitol (SG+DTT) or to a
second wash in alalne medum containing dithiotheitol (SGlpH+DTT.
.- 
Cytochalasin B binding to GLUT1
g 1000
.1"
500
GLUT1- 0TT
GLUT1 +OTT 2500 5000
(Cytochalasin B)fre nM
Figure 17. Cytochalasin B binding to purified GLUT I. Purfied GLUTI preparations
were assayed for cytochalasin B binding capacities. Equivalent amounts of
GLUT1+DTT ( closed circles) and GLUTI-DTT (open circles) (1.35 IlM; 14.8 Ilg
GLUTI in 0.2 mL) were equilbrated with a varety of concentrations of (3H)-cytochalasin
B at 25 C for 30 minutes. Samples of the total activity of (3H)-cytochalasin B were
counted. Samples were spun in Millpore ultrafree-MC 10,00 molecular weight cut-off
filter units for 10 minutes. The material which had spun through the filter (Free) is
counted in duplicate. Bound counts are determned as: Bound = (Total- Free). Ordinate:
bound (CCB), nM. Abscissa: free (CCB), nM. Curves drawn through the points were
computed by nonlinear regression assuming a single, saturable component of CCB
binding. The computed maximum binding capacities (B ) are: GLUT1+DTT, Bm =
1105 :: 84 nM; GLUTI-DTT, Bm = 563 :: 60 nM. These data summarze 5 separate
experients.
Before these predictions can be tested quantitatively, it is necessar to fIrst determne that
SGipH, SG+DTT and SGipH+DTT contai equivalent amounts of GLUTI. Strpped
ghost GLUTI content was determned by fIrst constrcting a GLUT 1 calibration cure by
western analysis using anti-GLUT 1 C-termnal antibodies and purified GLUTI (Figure
18). Equivalent volumes of stripped ghosts were analyzed by immunoblotting to
determne GLUTI content. The resulting autoradiograms for purified GLUTI were
quantitated by densitometry and the relationship between intensity of exposure and
(GLUT1) was fitted by nonlinear regression assuming a simple, saturable relationship
between (GLUT1) and exposure intensity.
exposur, I, is related to (GLUT1) by:
According to this analysis the intensity of
Am (GLUT1)
I = Ko.
5 + (GLUT1) . (5.
Thus, (GLUT1) of an unkown sample of intensity I is determned as (
g):
KO.
-- 
(5.
The computed constants for purfied GLUTI are: Am = 69430:f 3413 units, and Ko.5 =
44 :f 0.46 g GLUTI with a correlation coefficient of R = 0.993. The strpped ghost
data can be analyzed in the same manner. The results are:
SGi pH m = 69445:f 239, Ko.5 = 3.02 :f 0.04 j., R = 0.9999;
SG+DTT m = 69365 :f 3559, Ko.5 = 3.58 :f 0.69 j., R = 0.9920 and,
SGipH+DTT Am = 69896:f 2028, Ko.5 = 6.86:f 0.53 j., R = 0.9991
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Figure 18. Quantitation of (GLUTl) in stripped ghosts. Red cell ghosts were
depleted of peripheral proteins by a single alaline wash (pH 12) as descrbed. These
strpped ghosts were then either exposed to: alkaline medum again for 5 min (SGipH);
neutral medium plus 10 mM dithiothreitol (SG+DTT) or to alkaline medium plus DTT
(SGlpH+DTI). The membranes were collected by centrfugation and resuspended in
neutral medium (50 mM Tris-HCI , pH 7.0). Aliquots of the membranes (5, 10 and 20
IJ) and purfied GLUTI (0 to 40 Ilg) were then subjected to western analysis using anti-
GLUTI G.termnal antibodes. The resulting blots were subjected to autoradiography for
20 minutes (under exposed) and the autoradiogrm quantitated by scanning densitometr.
The amount of immunoreactive GLUTI in each lane (area) is plotted as a function of
applied GLUTI (Ilg) or ilL stripped ghosts (log scale). The curve drawn through the
purified GLUTI data was calculated by nonlinear regression assuming the relationship
between area and (GLUT1) is descrbed by simple Michaelis-Menten kietics.
The relative amounts of GLUTI present in these membranes can be calculated by using
equation 5. 1, or by simple interpolation or by dividing the Ko.5 value for purfied GLUTI
by the Ko.5 value of the membrane preparation. These values ar:
SGlpH contains 79:t 04 g GLUT!. 
SG+DTT contais 67:t 04 g GLUTI. l and,
SGlpH+DTT contans 0.36 :t 0.03 g GLUT1. 
When these data are back-calculated for membrane yield and quantitated loss of peripheral
proteins, the estimated numbers of GLUTI per erythrocyte (assuming 1 erythrocyte
contais 0.66 pg membrae protein) are:
SGi pH contains 343,373:t 17,386 cell-
SG+DTT contains 316,265 + 23,602 cell- l and,
SGlpH+DTT contains 299, 184:t 24,932 cell-
The strpped ghosts were assayed for D-glucose binding sites by trtophan fluorescence
quenching. D-glucose interaction with GLUTI in SGlpH is characterized by at least two
components of binding (Figure 19). Following exposure to a second alkaline wash
contaning dithiotheitol (SGlpH+DTT, membrane D-glucose binding displays single site
kinetics (Figure 19). D-glucose binding was unaffected by treatment with dithiothreitol
alone (SG+DTT.
The cytochalasin B binding capacity of these strpped ghost preparations was also
determed. Dithothreitol treatment in alkaline medum (SGI pH+DTT) but not in neutral
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Table II.
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tochalasin B bindin to urified GLUTl and to membrane-resident GLUTl.
moles CCBCCB bmdig ( mol GLUT1GLUTI species
GLUTI-DTT 44 :t 0.
GLUT 1 +DTT 82 :t 0.
SGI pH 61 :t 0.
SGlpH+DTT 1.31 :t 0.
SG+DTT 63:t 0.
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Figure 20. Cytochalasin B binding to stripped ghosts. Cytochalasin B binding to
strpped ghosts was determed by incubating the alaline-treated erythrocyte membranes
with varng concentrations of (3H)-CCB for 30 min at 25 C. Total cpm samples were
taken. The samples were spun for 10 min in a table-top Eppendorf centrfuge. The
supernatant was sampled and counted. Bound CCB was determned as: (Total - Free).
Ordiate: mol CCB bound per mol GLUTl. Abscissa: (CCB)free in nM (note log scale).
The cures were calculated by nonlinear regression. The parameters calculated are:
SG+high pH+DTT, Bmax = 1.310 :t 0.017, Kd = 282.36 :t 9.03 nM, R = 0.9996;
SG+DTT, Bmax = 0.635:t 0. 0087, = 233.49:t 7.88 nM , R = 0.9996 and, SG+high
pH, Bmax = 0.605 :t 0.012, Kd = 230.09 + 11.04 nM, R = 0.9992. This figure
summarzes 3 separate experiments.
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Figure 21. a-IgG binding to alkali-treated erythrocyte ghosts. a-IgG binding to
strpped ghosts was determned by incubating erythrocyte strpped ghosts with a- IgG for
30 min at 25 C. Membranes were washed by ultracentrfugation. 125I-protein A was
incubated with membranes for 30 min at 25 Membranes were washed by
ultracentrfugation and the pellets resuspended and counted. Data are corrected for non-
specific binding (quantitated using pre- immune serum), and are expressed as cpm
125I-Protein A bound per nmol immunodetectable GLUT1. Key: SGlpH, additional
treatment with high pH media; SG+DTT, additional treatment with 10 mM DTT, and
SGlpH+DTT, additional treatment with high pH and 10 mM DTT. This figure
summarzes 3 separate experiments. Measurements were made in trplicate.
medium (SG+DTT) doubles the cytochalasin B binding capacity of membrane-resident
GLUTI (Figure 20, Table ll).
The final predction can be tested by measuring conformation specific a- IgG binding to
depleted membranes. a-IgGs bind to GLUTI-DTT (tetramer) with high affinity but have
undetectable affinity for GLUT +DTT (dimeric GLUT1, as shown in Figure 14). a-IgG-
specific protein A binding to depleted membranes was reduced 4.3 :: 0. fold following
exposure to a second alaline wash containing dithiotheitol (SGlpH+DTT) (Figure 21).
Bindig was unaffected by tratment with dithiotheitol alone (SG+DTT.
Thus each prediction of this hypothesis was satisfied experimentally. However, it was
necessary to simultaneously expose membrane-resident GLUT 1 to high pH and
dithiotheitol, in order to achieve these results. Exposure to high pH depletes membranes
of peripheral proteins through disruption of salt bridges. The simplest explanation for
these findings is that erythrocyte membrane-resident, tetrameric GLUT 1 intramolecular
disulfides are masked by intra- or intermolecular salt bridges. The disruption of these salt
bridges permts access of dithiothreitol to the disulfide(s) resulting in conversion of
tetrameric GLUT 1 to dieric GLUTl.
Conclusions
GLUTI-DTT GLUT1+DTT and erythrocyte membrane-resident GLUT 
reconstituted into egg phosphatidylcholine bilayers, transport 3-0-methylglucose at
equivalent rates.
GLUTI-DTT possesses two discrete D-glucose binding sites (high and low
affmity). GLUT +DTT contais a single population of D-glucose binding sites.
GLUTI-DTT binds 0.42 moles of cytochalasin B per mole of GLUTI whereas
GLUT 1 +DTT binds 0.82 moles of cytochalasin B per mole of GLUTl.
Dithiothreitol treatment of peripheral protein depleted erythrocyte membranes
results in the loss of multiple D-glucose binding site kinetics but leaves the total
number of glucose binding sites unchanged
Dithiothreitol treatment of strpped erythrocyte ghosts doubles the cytochalasin B
bindig capacity of membrane-resident GLUTI.
Dithiotheitol treatment of strpped erythrocyte ghosts decreases the binding of a-
IgG, a confortion (tetrer)-specific antibody.
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CHAPTER VI
DISCUSSION: SIGNIFICANCE &
FUTURE DIRECTIONS
This study examines the relationship between human erythrocyte glucose transporter
(GLUT1) oligomeric structure and function. A controversy presently exists in the
literatue concerning the mechanism of glucose translocation by the glucose transporter.
This study resolves this controversy by demonstrating that the mechanism of sugar
transport is determned by transporter oligomeric strcture. Different laboratories have,
unkowingly, studied different oligomeric forms of GLUT 1. The differences in GLUTI
oligomeric strcture result from the omission or inclusion of reductant (dithiothreitol)
durg GLUTI purfication.
GLUTI was purfied from human erythrocytes in the absence (GLUT1- DTT) or presence
(GLUT 1 +DTT) of the reducing reagent, dithiothreitol (DTT). Hydrodynamic (size-
exclusion HPLC and sucrose gradient ultracentrfugation) analysis of cholate-solubilzed
GLUT1:tTT show that GLUTI-DTT is largely a homotetramer and GLUT1+DTT is
largely a homodimer. Chemical crosslinking studies of lipid bilayer-resident GLUTI
support these conclusions. Sodium dodecylsulfate-solubilzed GLUTI-DTT and
GLUT1+DTT contain 2 and 6 free sulfhydrls per monomer of GLUT1 , respectively.
However, the subunits are not linked by intermolecular disulfide bridges.
Similar studies with intact and cytosol-depleted erythrocytes suggest that membrane-
resident GLUTI resembles GLUTI-DTT, a homotetrameric protein. Studies using
conformation-specific antibodies support this view. Antibodes raised against GLUT1-
DTT (a-IgGs) fail to react with GLUT +DTT but do react with GLUTI-DTT and bind at
307,000 sites on the surface of human erythrocytes. IgGs react with CHO cells
overexpressing GLUTI and increased a-IgG binding is directly related to total GLUTI
concentration and expressed trnsport activity (Harson et. al. 1990). Anti-GLUTI-
termnal antibodes (C-IgGs) show similar titers for both GLUTI-DTT and GLUT1+DTT
and react with 296 700 sites in leaky erythrocyte ghosts. These results support the view
that erythocyte-resident GLUTI is quantitatively accounted for by GLUTI-DTT.
Since protein function is determined by protein strcture, the functional properties of
GLUTI-DTT and GLUT 1 +DTT were analyze. The sugar trsporter serves to bind then
trslocate sugar across the cell membrae. Translocation can be studied in reconstituted
proteoliposomes but a number of practical considerations reduce the utility of studying
sugar trslocation as a means of detailed analysis of transporter function. These include:
heterogeneities in reconstituted protein numbers per proteoliposome; heterogeneities in
proteoliposomal size (Carthers and Melchior, 1984); radom orientation of reconstituted
proteins (Carthers and Melchior, 1984); the small sizes and relatively high basal sugar
permeabilties of proteoliposomes (Caruthers and Melchior, 1984). Ligand binding
studies on purfied GLUTI are, however, experimentally facile and do provide informtion
on numbers and affnities of sugar binding sites present in the transporter complex. For
these reasons, the D-glucose and cytochalasin B (CCB , a potent transport inhibitor) binding
characteristics of purfied GLUTI were characterized. While the D-glucose binding
capacities of GLUTI-DTT and GLUT +DTT are indistingushable, GLUTI-DTT presents
at least two populations of bindig sites to D-glucose and GLUT 1 +DTT presents only one
population of sugar binding sites. The orientation of the binding sites can be investigated
by using cytochalasin B , a ligand that binds only at (or very close to) the sugar efflux site.
The cytochalasin B binding capacity of GLUTI-DTT (0.4 sites per GLUTI monomer) is
one half of GLUT 1 +DTT. Multiple D-glucose binding sites and one CCB binding site per
dimer are propertes consistent with a two-site transporter in which the binding sites of
each monomer of the dimer are organized in an antiparallel fashion. In contrast, a single
glucose binding site and a cytochalasin B binding capacity of one mol of CCB per mol
of GLUT 1 is characteristic of a one-site transporter in which each monomer of the dimer is
unrestrained and capable of independent isomerizations.
On closer examination, laboratories whose findings support the view that GLUTI
functions as a one-site transporter routinely purfy GLUTI in the presence of 10 mM DTT
(Sogin and Hinkle 1980, Gorga and Lienhard 1982, Appleman and Lienhard 1989).
Laboratories whose work supports the two-site transport mechanism, isolate GLUTI in the
absence of DTT (Carthers 1986a, Helgerson and Carthers 1987). The source of this
controversy over trsport mechansm thus appears to be related to the use of dithiotheitol
durg purcation and, consequently the oligomeric strcture of GLUTI.
Therefore, the following hypothesis can be proposed: GLUTI-DTT exists largely as a
tetramer exhibiting two-site transport. Dithiothreitol treatment of GLUTI converts
tetrameric GLUTI to dimeric GLUTI which is charcterized by one-site transport.
This hypothesis was furher tested in erythrocyte membranes depleted of peripheral
proteins. This hypothesis predicts that subsequent dithiothreitol treatment should: 1)
double the cytochalasin B binding capacity of membrane-resident GLUT1; 2) result in the
loss of multiple GLUTI D-glucose binding sites and, 3) convert tetrameric GLUTI to
dieric GLUT1.
The ligand binding predictions of this hypothesis were tested and satisfied, but only if
dithiothreitol-treatment was cared out at high pH. The predction of the conversion of
tetrameric GLUTI to dimeric GLUTI was not tested by hydrodynamic or crosslinking
studies. Rather, the specifcity of a-IgGs for tetrameric GLUTI was exploited. a-IgGs-
specific protein A binding to depleted membranes was reduced (4.3:t fold) following
membrane exposure to a second alkaline wash containing dithiothreitol. Binding was
unaffected by treatment with dithiothreitol alone. Thus all three predctions are satisfied
but require dithiotheitol treatment in the presence of high pH. Since alkali-treatment of
proteins disrupts salt bridges, these findings suggest that erythrocyte membrane-resident,
tetrameric GLUTI intramolecular disulfides are masked by intra- or intermolecular salt
bridges.
In a collaborative effort, Pes sino et. al' (1991) find that endogenous CHO cell GLUTI is
quantitatively co-immunoprecipitated by anti-GLUT4 C-termnal antibodies when CHO
cells express a chimeric glucose transporter in which the 29 C-terminal amino acids of
GLUTI are replaced by the 30 C-terminal amino acids of GLUT4. These findings are
consistent with GLUTI existing as a homomultimer.
These findings are consistent with the model shown in Figure 22. GLUTI can exist in
two forms: as Dimeric GLUT1 (obtained upon GLUTI purfication in the presence 
dithiothreitol) and as Tetrameric GLUT1 (erythrocyte-resident transporter and that form
purfied in the absence of dithiothreitol). Each monomer (subunit) is functional in both
strctures, exposing a single sugar binding site (shown as a cleft) to cytosol or to
extracellular medum but never toboth environments simultaeously.
Dimeric GLUT 1 contains unconstrained subunits. Each monomer is capable of
independently isomerizing between influx (E2) and efflux (El) states. Since cytochalasin
B binds at the efflux site, each monomer can bind one molecule of cytochalasin B (binding
of CCB wil eventually arest isomerization and freeze all GLUTI monomers in the El
state).
Tetrameric GLUT1 is comprised of two dimers of GLUT1. These dimers differ from
those of dimeric GLUT Conformationally active regions of each subunit are now
constrained resulting in coupled isomerizations and an antiparallel arangement of sugar
binding sites. Thus each dier of the tetramer presents one influx and one efflux site and,
when one subunit isomerizes from an efflux to an influx conformation, the second must
F i g u r e  2 2 .  M o d e l  o f  G L U T l  o l i g o m e r i c  s t r u c t u r e  a n d  f u n c t i o n .  
P r o p o s e d  s t r c t u r e s
f o r  d i m e r i c  ( G L U T  1  
+ D T T )  a n d  
t e t r a m e r i c  ( G L U T  
+ D T T )  G L U T I  a r e  
s h o w n  i n
s c h e m a t i c .  
I s o m e r i z a t i o n s  o f  t h e  m i n i m a l  f u n c t i o n a l  u n i t s  o f  b o t h  
s t r c t u r e s  a r e  
s h o w n .
C y t o c h a l a s i n  B  
b i n d i g  
r e s u l t s  a r e  m o d e l e d .
D
im
eric G
LU
Tl
Tetram
eric G
LU
Tl
Transporter
Structure
Inside
11,.;-
"
,
.i- It
''''
:;:
;; .
 
"
O
utside
Inside
Functional
U
nits and
isom
erizations
Com
plexes
El.CCB
El.CCB
CCB
CCB.
fonned w
hen
CCB is present
Cytochalasin B (CCB)
K
ey
J-Isom
ers of M
onom
eric G
LU
Tl
Sugar binding sites
isomerize from an influx to an efflux conformation and vice versa. Each dimer thus
exists in one of two possible states - E or F - each presenting one effux and therefore one
cytochalasin B bindig site.
This model is consistent with data demonstrating that erythrocyte sugar transporter and
GLUTI-DTT behave as two-site, allosteric transporters (Carthers 1986a and 1986b,
Helgerson and Carthers 1987,Carthers 1991, Carthers and Helgerson 1991) while
GLUT1+DTT functions as a simple, one-site transporter (Sogin and Hinkle 1980, Gorga
and Lienhard 1982, Applema and Lienhard 1989).
Implications of this model and future directions
The goal of the faciltative glucose transporter is to equilbrate the intracellular water with
extracellular glucose. It is presently unknown whether tetrameric GLUTI could
accomplish this goal more efficiently than dimeric GLUT1. However, upon closer
examination of one- and two-site transport mechanisms, some degree of informed
speculation is possible. A one-site carer sugar uptae cycle in the absence of intracellular
sugar can be represented as:
E2 + So E2.So k- E1'Sj E1 + S
where Eland E2 correspond to the components in Figure 22 and So and Si refer to extr-
and intrcellular sugars respectively. There are two rate-limting steps in this mechanism:
sugar translocation (k l) and the El E2 isomerization (ko; Widdas 1952, Appleman and
Lienhard 1989, Carthers 1991).
Sugar uptae cycles in the absence of intracellular sugar for the two-site carer can be
represented as:
F+S E+S.
and
E+S S: F F+S
where E and F correspond to the components in Figure 22. Only the sugar translocation
steps (k l or k 2' Carthers 1991) are rate-limiting in two-site transport. Both extra- and
intracellular sugar are capable of binding to E and F. For example, F binds sugar and
translocates to the interior of the cell. This step is coupled to the immedate isomerization
of E F, a repriing of the transporter. Thus, the transporter is immediately ready for
another round of uptae. The rate-limiting step of isomerization (ko) is thereby avoided.
The predicted transport properties of GLUT +DTT at 10 C can be calculated from the
studies of Appleman and Lienhard (1989) in which the cataytic turnover ofGLUT1+DTT
was examned. The duration of a single round of dimeric GLUTI-medated sugar uptake
(assuming no oxidation of dimeric to tetrameric occured in the experiment) is 194 msec.
o or the unoccupied carer isomerization step (El E2) accounts for 192 msec of this
time. Similarly for sugar efflux, the cycle is 114 msec and the isomerization step
(E2 El) accounts for 111 msec of this time. Since tetrameric GLUTI avoids the
isomerization step, these results strongly suggest that dimeric GLUTI is catalytically less
efficient than eryocyte-resident, tetrameric GLUTI when sugar is absent at the opposite
side of the membrane. This conclusion is supported by the studies of Lowe and
Walmsley (1986) in which red cell (GLUTI-DTT)-mediated sugar transport at l00C
occurs at rates lO-fold greater than those predicted from the studies of GLUT +DTT
(Appleman and Lienhard, 1989). To further these studies, more extensive analyses of
reconstituted GLUT1:!DT are needed. The reconstitution experiment of Figure 15 lack
suffcient resolution to provide suitable information.
Does the cQnversion of dimeric to tetrameric GLUTI occur physiologically? The
calculations above suggest that this conversion could produce an activated GLUTI and
possibly be a mode of regulation. Recall from Figure 8, the putative location of the 6
cysteine residues. The cysteine residues are located within the proposed transmembrane
region or adjacent to it. Smal conformationaI changes in GLUTI could readly change the
topographical location and redox environment of a cysteine residue. For example,
exposure of a free sulfhydrl (normally present in the membrane) to the extracellular,
oxidizing envinment may cause tetramer production , or vice versa.
In addition, the intrcellular reducing environment is largely controlled by a redox buffer of
reduced glutathione (GSH) and oxidized glutathione (GSSG). The redox potential of this
environment is controlled in par by a glutathione transporter in erythrocytes (Srivastava
and Beutler, 1969) which transports oxidized glutathione out of the cell in an A TP-
dependent fashion (Kondo et. al., 1980). ATP inhibits glucose transporter in erythocytes
(Hebert and Carthers, 1986), by direct association with GLUTI (Caruthers and
Helgerson, 1988). A TP may also inhibit glucose transport by formation of dimeric
trsporters- an effect resulting from an increased intracellular reducing environment. 
course, this mechanism is highly speculative. However, it could be investigated by
GLUTI reconstitution studies with varing intra- and extracellular redox buffers.
addition, an in vivo oligomeric structure assay could be developed employing
complementary fluorescent probes in fluorescent resonance energy transfer studies
(FRET). Fluorescence would be monitored in the presence of varing A TP levels and
redox buffers.
Hurey and Helenius (1989) defme an oligomeric membrae protein by its abilty to fulfill
one or more of four operational criteria: "(a) the main function and/or stabilty crticaly
depends on the quaternar strcture, (b) intrcellular trsport reuirs oligomerization, (c)
isolation using varous methods routinely yields an oligomeric complex, and (d) the
subunits are permanently associated, and are handled and degraded by the cell as a unit.
It is apparent by the finding of this study that both crteria (a) and (c) are satisfied.
However, criteria (b) and (d) focus on an area yet to be investigated for GLUTl.
Plasmal membrane proteins fold and are assembled into their oligomeric strcture in the
lumen of the endoplasmic reticulum (Hunley and Helenius, 1989). Correct assembly is
required for transport from the endoplasmic reticulum to the Golgi. A "quality control"
network is responsible for retaining incorrectly folded and/or assembled proteins (Hurley
and Helenius, 1989) in the endoplasmic reticulum.
This area has strong potential for assisting in our understanding of glucose trsport and its
role in disease. Large, complex and hydrophobic proteins such as GLUTI are excellent
candidates for proteins which fold in a protein assisted manner (Rothman 1989).
hydrophobic proteins are translated and translocated into the lumen of the endoplasmic
reticulum (ER), co-translational folding occurs. However, it is becoming increasingly
apparent that these newly exposed hydrophobic sequences associate with folding proteins.
This disrupts the prematue occurence of nonspecific hydrophobic interactions, before the
porton of the protein needed for correct folding can emerge. In addition, N-termnal
glycosylations are proposed to playa role in these disruptions (Rose and Doms, 1988).
GLUTI is glycosylated at asparagine-45. The correctly folded protein assembles into
oligomers and is transported.
Preliminar observations with glucose transporter isotypes support the importnce of
correct ER folding and assembly. GLUTI is commonly overexpressed in cell lines
possessing endogenous GLUTI (CHO and 3T3Ll fibroblasts, Harson et. al., 1991).
However, overexpression of GLUT4 in the same cell lines (CHO and 3T3Ll fibroblasts)
which lack endogenous GLUT4 is unsuccessful (Woon and Czech , unpublished). The
protein appears to be translated and retained in a perinuclear membrane believed to be the
ER (Mueckler, unpublished). Interestingly, chimeric glucose transporters possessing the
terminal 199 residues of GLUTI and the remaining COOH-terminal residues of
GLUT4 are overexpressed 2 to 6-fold in these cell lines (Pessino et. aI., 1991). These
results are consistent with the requirement of isotype-specifc folding or assembly proteins
which associate with the N-termnal sequences. An emergig powerul technique to study
in vivo protein folding and assembly is to combine a pulse-chase with radiolabeled amno
acids with immunoprecipitations of proteins using conformation-specific monoclonal
antiboes (antigenic towards folding and assembly intermedates).
The mode . and topology of interactions which are involved in forming and maintaining
oligomeric associations in GLUTI remain to be determined. Evidence exists for the
occurrence of interactions in all three topological domains of membrane proteins:
ectodomain for influenza hemagglutinin (Boulay et. aI., 1988), transmembrane region for
chicken asialoglycoprotein receptors (Loeb and Drickamer, 1987), and cytosolic domains
for formation and stabilty ofLDL receptor dimers (van Driel et. al., 1987).
The dithiothreitol sensitivity of GLUTI oligomeric strcture suggest that the disulfide
bonds of cysteine residues playa critical role in oligomeric associations. To determne the
extent of this role, the six cysteine residues can be mutated separately and in various
combinations. The resulting oligomeric structures can then be determned as discussed
earlier. Leucine/isoleucine zippers have been found recently to be involved in oligomeric
association (Landschulz et. aI., 1988). Interestingly, leucine/isoleucine zipper motifs 
found in transmembrane regions 2 and 3 (White and Weber, 1989). The importance of
these motifs to GLUTI strcture/function remains to be determed.
The topology of interactions could be investigated by proteolysis studies. GLUTI would
be photolabelled and subjected to varous proteases at both sides of the membrane,
separately and together. Nondenaturing size-exclusion chromatography would be
employed to determne the effects of these treatments on oligomeric strcture.
The fundamental problem of GLUTI oligomeric strcture was investigated in this thesis.
The elucidation of the oligomeric strcture has revealed new insight into the relationship
between quaternar strcture and function. The oligomeric strcture of GLUT 1 controls
the mechanism of glucose transporter and possibly the cataytic efficiency of the protein.
It is hoped that this new understanding of GLUTI oligomeric strcture and its relationship
to GLUTI function wil aid in understanding the physiology of the glucose transporter.
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